Abstract: Lippia graveolens, commonly known as Mexican oregano, is an aromatic plant of great industrial, nutritional, and medicinal value, principally for its essential oils. Regeneration via axillary buds was established in MS medium supplemented with 6-benzyladenine (BA) (0.5 mgL −1 ) as a growth regulator. Three genotypes and three stages of cultivation were considered in the study. On average, 3.5, 4.2, and 6.4 shoots induced per explant were obtained for genotypes B, C, and D, respectively. Several doses (0.1, 0.3, and 0.5%) of ethyl methane sulfonate (EMS) and different exposure times (1, 2, and 3 h) were applied to investigate the effect of the chemical mutagen on the formation of axillary buds. Genetic variation among the collected plants, the micro-propagated plants during three sub-cultivations, and the plants regenerated in the presence of the mutagen was evaluated by means of randomly amplified microsatellite polymorphism (RAMP) markers. A high genetic stability was observed in the micro-propagation of Mexican oregano for the three genotypes and three sub-cultivations, presenting 100% of monomorphic bands. The genetic variation observed in the different collections of wild populations (A, R, and V) and after treatment with EMS regarded 34 and 35% of polymorphic loci, respectively.
Introduction
Under the name of oregano, there are several known species of herbaceous plants belonging to two families: Lamiaceae and Verbenaceae [1] . In Mexico, there are around 40 species of oregano belonging to four families (Lamiaceae, Verbenaceae, Asteraceae, and Leguminosae), of which the Verbenaceae family is the most commercially important because of its aromatic characteristics and its distribution [2] . The species Lippia palmeri Watson, Lippia berlandiefi Schauer, and Lippia graveolens H.B.K belong to this family. The latter two species are recognized as synonymous by many authors [1] [2] [3] .
L. graveolens, commonly known as Mexican oregano, is an herbaceous plant with great commercial potential due to its culinary and medicinal uses. It is a species native to the southern United States of America, Mexico, and part of Central America [4] . It is an aromatic species whose essential oil is composed primarily of two monoterpenes, thymol and carvacrol, to which various properties and uses have been attributed [5] . The essential oil is used in the soft drink, liquor, cosmetics, and pharmaceutical industry [1, 6] , in the manufacturing of soaps, perfumes, and aromatherapy products, and as an antimicrobial [7, 8] and antioxidant [9, 10] product.
The propagation of L. graveolens naturally occurs through the union of gametes for the formation of seeds (embryo). It has been reported that only 11% of the flowers produce fruit, and each fruit usually contains only one seed. If we add to this the inadequate implementation of agronomic management practices, which alters the normal development of the fruits and seeds, and the low percentage of germination that they present, the result is a critical reduction in the size and density of its populations [11, 12] .
The application of tissue culture techniques has allowed the massive propagation of plants under aseptic and regulated conditions [13] . The regeneration of Mexican oregano has been developed through the in vitro establishment of leaves, with callus formation, and through axillary bud multiplication [14] .
Tissue culture tools have also permitted the improvement of species with the purpose of generating plants with better agronomic or aromatic characteristics. In addition to this, in vitro cultivation has also been utilized for the induction of mutations through the use of physical or chemical agents, generating plants with characteristics different from those of their parents [15] [16] [17] .
The use of molecular markers allows to evaluate the genetic changes that occur naturally in wild populations, those generated by in vitro cultivation, and those induced by the use of mutagens. The development of PCR-based markers, which include the random amplified polymorphic DNA (RAPD), simple sequence repeat (SSR), inter simple sequence repeat (ISSR), randomly amplified microsatellite polymorphism (RAMP), among others, has been useful to determine the genetic variability in plants under these conditions [18, 19] .
The objective of the present work was the in vitro establishment and propagation of Mexican oregano, the induction of genetic changes through the use of the chemical mutagen ethyl methane sulfonate (EMS), and the evaluation of the genetic variability using RAMP markers, in order to develop plants with superior agronomic characteristics.
Materials and Methods

Plant Material
L. graveolens seeds were collected from wild plants in the municipality of Colotlán, located in the North of the state of Jalisco, Mexico.
Conditions for In Vitro Germination of Mexican Oregano
The oregano seeds used for the study were selected from three collections (A, R, and V). The seeds were germinated in vitro in MS medium (Murashige and Skoog) [20] with 50% of the original salt concentration, 1% sucrose, 0.25% phytagel (Sigma P8169), and the pH was adjusted to 5.8 ± 0.2 before sterilization in an autoclave at 121 • C for 15 min.
For the disinfection of the seeds, 70% ethanol was used for one minute and 40% commercial bleach for six minutes, followed by three washes with sterile water for 1.5 min. The seeds established in the MS medium were incubated at 25 • C with a photoperiod of 16/8 h light/dark under fluorescent white light lamps with an intensity of 32 µmol m −2 s −1 .
Micropropagation of Mexican Oregano
The micropropagation of Mexican oregano from axillary buds was carried out according to what was reported by Castellanos-Hernández et. al. [14] . The nodal segments were obtained from three plants germinated in vitro, designated B, C, and D (mother plants), which were derived from collection A. The segments were grown in MS medium supplemented with 0.5 mg L −1 of benzyladenine (BA), 3% sucrose, and 0.25% phytagel for solidification. The pH of the medium was adjusted to 5.8 ± 0.2.
The nodal segments were incubated at 25 • C with a photoperiod of 16/8 h light/dark under fluorescent white light lamps with an intensity of 32 µmol m −2 s −1 . Three sub-cultivations of the mother plants B, C, and D were carried out (12 replicates, mother plant/sub-cultivation).
Chemical Mutagenesis in Axillary Buds of L. graveolens
Mutagenesis in axillary buds was carried out in plants belonging to genotype D (at the first sub-cultivation from the mother plant). The nodal segments were devoid of leaves and contained one or two nodes, which were submerged in 0.1%, 0.3%, and 0.5% EMS mutagen solution with exposure times of 1, 2, and 3 h. After the treatments, the explants were washed five times in sterile water under aseptic conditions to eliminate the remaining EMS. The washed explants were established in the medium for propagation and under the same conditions of incubation, described in the previous section. The treatments were performed with 10 replicates. Data were analyzed using analysis of variance (ANOVA) with two factors (mutagen concentration and exposure time). When the ANOVA identified differences among groups, multiple comparisons among means were performed using Tukey s multiple range test with a family error rate of 0.05. The software package Statgraphics (Statistical Graphics Co.) was used for the analysis. Different letters were used to designate groups with significant difference at p < 0.05.
Analysis of the Genetic Variability Using RAMP Markers
The extraction of genomic DNA was performed according to the protocol described by Zhang and Hewitt [21] , with minor modifications. The quality of the extracted DNA was analyzed in 1% agarose stained with ethidium bromide. DNA quantification was performed by UV spectrophotometry using a NanoDrop 2000 spectrophotometer (Thermo Scientific ® , Wilmington, DE, USA). Values of the samples in the absorbance ratio 260/280 between 1.8 to 2.0 were taken as indicating good-quality DNA.
For the RAMP analysis, five plants, selected from each micro-propagation sub-cultivation, and the mother plant were used (a total of 16 plants per genotype); 20 plants were obtained from seeds germinated in vitro from three different collections; 20 plants were obtained after the mutagenic treatment (0.1% EMS, 2 h exposure). Three ISSR primers were used, which were ARS-01 (5 -CACT(GA)6-3 ), ARS-02 (5 -AACC(GA)6-3 ), and ARS-08 (5 -TCGG(GA)6-3 ), and three RAPD primers, which were OPB-07 (5 -GGTGACGCAG-3 ), OPB-08 (5 -GTCCACACGG-3 ), and OPB-12 (5 -CCTTGACGCA-3 ). Nine combinations were used for the RAMP ( Table 1 ). The amplification reactions were performed in a final volume of 12.5 µL containing 5 ng of genomic DNA, 1X PCR buffer, 2.0 mM MgCI 2 , 0.25 µM of each dNTP, 0.3 µM of each primer, and 0.5 U of DNA polymerase (Promega). The amplifications were performed in a TC-412 thermal cycler (Techne ® , Staffor, TX, USA) using the program: 94 • C for one min, 45 cycles of one min at 94 • C, one min at 36 • C, two min at 72 • C, and a final extension of 10 min at 72 • C. The amplification products were analyzed by electrophoresis in 2% agarose [22] stained with ethidium bromide (1 mg L −1 ) and visualized in a UV light transilluminator. The 100 bp Plus ladder (Invitrogen) was used as a molecular weight marker. 
Data Analysis
The detected polymorphisms were indicated by the presence (1) or absence (0) of a band in the agarose gel. With these data, binary matrices were prepared, which were used to calculate values of genetic similarity between each genotype using the Jaccard coefficient, included in the statistical package NTSYS-pc version 2.00 (Applied Biostatistics Inc., Setauket, NY, USA). Dendrograms were prepared by applying the algorithm UPGMA (Unweighted Pair-Group Method with Arithmetical Averages) [23] through the PAST program [24] . Dendrograms of genetic similarity (GS) values were obtained considering samples of oregano obtained from seeds, propagated in vitro, and exposed to EMS.
Results
In Vitro Propagation
The cultivation of nodal explants in MS medium supplemented with 0. OPB-12 ARS-08 9
Data Analysis
Results
In Vitro Propagation
The cultivation of nodal explants in MS medium supplemented with 0. The average number of shoots obtained from axillary buds by adding BA to the medium, was higher than that reported by Castellanos-Hernández et al. [14] , who describe an average of 2.8 shoots per explant, using the same conditions. In addition, that report only showed activation of buds, in comparison with the results presented here. This may be due to the genotype of the plant, as it may respond differently to the same cultivation conditions [25] .
The use of cytokinins, such as BA, in the proliferation of axillary buds by nodal segments has been reported in several propagation studies [13, 14, 25] . Islam et al. [26] report the use of BA at a concentration of 0.05 mg L −1 in the in vitro propagation of Vitex negundo L., showing production of multiple shoots.
The number of shoots generated in each stage of micro-propagation of the three genotypes did not present significant changes, although the length of the shoots decreased in successive propagations. The number of shoots can be increased in each number of sub-cultivations or kept The average number of shoots obtained from axillary buds by adding BA to the medium, was higher than that reported by Castellanos-Hernández et al. [14] , who describe an average of 2.8 shoots per explant, using the same conditions. In addition, that report only showed activation of buds, in comparison with the results presented here. This may be due to the genotype of the plant, as it may respond differently to the same cultivation conditions [25] .
The number of shoots generated in each stage of micro-propagation of the three genotypes did not present significant changes, although the length of the shoots decreased in successive propagations. The number of shoots can be increased in each number of sub-cultivations or kept constant. The increase in the number of plants is compensated by the increase of sub-cultivations [27, 28] . This method of in vitro propagation by axillary buds represents an alternative route for the multiplication of Mexican oregano for which the natural reproduction routes are limited. Therefore, it represents a highly efficient propagation system to be implemented in commercial crops.
Mutagenesis
EMS-treated plants showed a decrease in the regeneration rate as the concentration and exposure times increased. The concentration of 0.1% EMS and the exposure times of 1 and 2 h presented the best results in terms of shoot production and length (p < 0.05) ( Table 2 ). The formation of shoots upon the different mutagenesis treatments was affected by the time and the concentration of the mutagenic agent, resulting in a lower number of shoots in all treatments compared with the control without mutagenic treatment. However, it was observed that all shoots obtained from the treated explants showed similar shoot length. Higher concentrations and exposure times of 3 h were found to be toxic to the plants (Figure 2) . constant. The increase in the number of plants is compensated by the increase of sub-cultivations [27, 28] . This method of in vitro propagation by axillary buds represents an alternative route for the multiplication of Mexican oregano for which the natural reproduction routes are limited. Therefore, it represents a highly efficient propagation system to be implemented in commercial crops.
EMS-treated plants showed a decrease in the regeneration rate as the concentration and exposure times increased. The concentration of 0.1% EMS and the exposure times of 1 and 2 h presented the best results in terms of shoot production and length (p < 0.05) ( Table 2 ). The formation of shoots upon the different mutagenesis treatments was affected by the time and the concentration of the mutagenic agent, resulting in a lower number of shoots in all treatments compared with the control without mutagenic treatment. However, it was observed that all shoots obtained from the treated explants showed similar shoot length. Higher concentrations and exposure times of 3 h were found to be toxic to the plants (Figure 2 Junaid et al. [29] reported a similar behavior. The reduction in adventitious bud induction frequency, as well as in the size of the shoots, was observed in the in vitro cultivation of Dracaena sanderiana Sander ex Mast with the increase of EMS. Increased concentration of EMS can generate lesions and can be lethal for the explant [30] .
Regarding the phenotype of the explants obtained, no changes were observed in the morphology of the plant. Mutations do not always show obvious changes in morphology or growth rate [29, 31] . One way of demonstrating the changes generated in the explant by mutagens is through the use of molecular markers [32, 33] .
RAMP Analysis
The RAMP band patterns obtained from the three genotypes (B, C, and D) and from the three stages of in vitro propagation were compared with those of the donor mother plant. Nine combinations of RAPD and ISSR primers produced different amplification profiles, but the same banding pattern was seen in all plants propagated in vitro when compared with the mother plant, showing a high degree of homogeneity in the population of Mexican oregano micro-propagated by axillary buds.
The banding profile of the micro-propagated plants was monomorphic and identical to that of the mother plant (Figure 3b) . The samples were compared with DNA from Paulownia elongata and Sechium edule plants obtained by tissue culture used as outliers in the banding profile. The similarity matrix based on the Jaccard coefficient revealed a value of 1 between the mother plant and those derived from the three sub-cultivations, indicating 100% similarity. A total of 115, 70, and 54 bands were detected in genotypes B, C, and D, with an average of 12.7, 7.7, and 6 bands per primer, respectively. The amplified fragments generated by RAMP ranged from 2 (combination 1, genotype D) to 20 (combination 6, genotype B), with a size range from 200 to 1650 bp. The genetic relationship observed in the dendrogram based on the existing similarity from the banding profile of the RAMP markers using the nine combinations of primers (Figure 4) showed an inhomogeneous grouping of the three different collections (A, R, V). The majority of individuals obtained from collection A grouped in cluster 1 (A6, A9, and A7) and 2 (A2, A3, A4, and A1), as well as some samples from collections R (R2, R3, and R4), with a coefficient of similarity of 0.92. The The evaluation of the genetic fidelity of the micro-propagated plants through molecular markers has been reported in several papers [34] [35] [36] . The evaluation of genetic stability in L. graveolens was performed in the first three sub-cultivations. Rathore et al. [36] demonstrated genetic stability during micropropagation via nodal segments of Jatropha curcas L. by means of RAPD, ISSR, and SSR markers at 5, 10, and 20 stages of sub-cultivation. This confirms that micropropagation by axillary bud maintains the quality of the plants for commercial use.
In regard to the plants obtained from seeds, the RAMP analysis showed a percentage of polymorphism of 34%, with 32 polymorphic bands. The amplified fragments generated by each primer combination had a size range between 200 and 1650 bp (Figure 3a) . The nine combinations of primers evaluated showed reproducible bands with a total yield of 95 bands and an average of 10.5 bands per primer. The number of bands for each primer varied between 5 (combination 8) and 17 (combination 4).
The genetic relationship observed in the dendrogram based on the existing similarity from the banding profile of the RAMP markers using the nine combinations of primers (Figure 4) showed an inhomogeneous grouping of the three different collections (A, R, V). The majority of individuals obtained from collection A grouped in cluster 1 (A6, A9, and A7) and 2 (A2, A3, A4, and A1), as well as some samples from collections R (R2, R3, and R4), with a coefficient of similarity of 0.92. The samples of collection V were more dispersed in the cluster (V7, V6, V1, and V5), with a coefficient lower than 0.90, although some samples (V2, V3, and V4) grouped together with the collections A and R. This grouping of the three collections gathered in the North of the state of Jalisco suggests that the level of genetic diversity found in this species could indicate a considerable influence of cross-breeding in the reproduction of L. graveolens, which is a species with the capacity of cross-pollination or self-pollination [12] . We could observe this behavior in the grouping and genetic similarity of the different individuals.
RAMP markers have been used in several plant species to determine genetic diversity and have been shown to be highly polymorphic [22, 32, 37] . Zhao et al. [37] presented a banding pattern between 250 and 1000 bp with an average of 8.75 bands per primer using RAMP markers in different pomegranate genotypes, with a percentage of polymorphism of 88.90%. The individuals were not grouped according to their geographical origin, which strengthens the argument that the result was due to the reproductive characteristics of the species.
Regarding the 20 plants treated with EMS, chosen at random since they did not present changes This grouping of the three collections gathered in the North of the state of Jalisco suggests that the level of genetic diversity found in this species could indicate a considerable influence of cross-breeding in the reproduction of L. graveolens, which is a species with the capacity of cross-pollination or self-pollination [12] . We could observe this behavior in the grouping and genetic similarity of the different individuals.
Regarding the 20 plants treated with EMS, chosen at random since they did not present changes in morphology, the analysis of RAMP markers showed polymorphic bands in seven of the nine combinations, with a total of 34 bands, which represents a polymorphism of 35%. The amplified fragments generated by each primer were between 200 and 1000 bp, with an average yield of 10.8 bands per primer (Figure 3c ). In the RAMP profiles, new bands or the absence of bands were observed between the mutants and the control.
It is noteworthy that the EMS treatment allowed to obtain a group of plants with a percentage of polymorphism similar to that observed in plants established from wild collected seeds, even though the in vitro propagation protocol itself produced only plants with no detectable polymorphism using RAMP markers. Hence, this EMS-induced mutagenesis appears to be a convenient alternative to increase the genetic diversity in the short term and to obtain new genotypes with desirable agronomic traits. It would be particularly interesting to evaluate changes in features such as biomass accumulation and the yield and composition of the essential oil.
The dendrogram displays the individuals treated with EMS, which showed a coefficient of GS of 0.82 and 1.00. Samples 1M and 19M presented a low level of similarity in comparison with the rest of the samples (GS between 0.92 and 1.00). This relationship was established between the same plants treated with the mutagen compared to the control without mutagenesis treatment (D). This showed variations at the DNA level in the plants treated with the EMS mutagen, evaluated by means of RAMP markers ( Figure 5 ). Hoang et al. [32] showed a GS of 0.98 for mutants for rice seeds obtained by irradiation with gamma rays as a mutagenic agent with respect to the original plant and a percentage of polymorphism of 21.2% using RAMP markers. They showed that RAMP markers display a higher degree of polymorphism compared to RAPD alone. This is due to the fact that RAMP markers detect not only the polymorphisms detected with RAPD primers, but also the polymorphisms associated with microsatellites, and, in any case, a combination of both generate new markers, which may or may not encode genes. Hoang et al. [32] showed a GS of 0.98 for mutants for rice seeds obtained by irradiation with gamma rays as a mutagenic agent with respect to the original plant and a percentage of polymorphism of 21.2% using RAMP markers. They showed that RAMP markers display a higher degree of polymorphism compared to RAPD alone. This is due to the fact that RAMP markers detect not only the polymorphisms detected with RAPD primers, but also the polymorphisms associated with microsatellites, and, in any case, a combination of both generate new markers, which may or may not encode genes.
Falk et al. [38] reported obtaining a mutant of lavender plants with increased amounts of sesquiterpenes and monoterpenes through the application of EMS. Chemical mutagenesis could be used as an alternative to obtain genotypes with variations in the yield or composition of the essential oil.
Conclusions
The in vitro cultivation of Mexican oregano was established via axillary buds of three different genotypes and three of its sub-cultivations in MS medium supplemented with 0.5 mg L −1 of BA.
Nodal segments treated with EMS showed a decrease in the number of shoots and in their size when the concentration of the mutagen was increased. The greater number of shoots was obtained with 1-2 h of exposure to 0.1% EMS.
Regarding the evaluation of genetic variability, RAMP markers allowed the evaluation of the genetic fidelity of the propagation method via axillary buds for the three genotypes and for the successive stages of cultivation. It is worth mentioning that the use of EMS allowed to increase genetic variability at rates similar to those found in wild populations, obtaining a percentage of polymorphism of 34 and 35%, respectively, and thus has a potential use or obtaining new varieties. Funding: This research received no external funding.
